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Abstract

Three-dimensional finite element analyses of gas-filled storage caverns in domal salt were
performed to investigate the effects of cavern spacing on surface subsidence, storage loss, and
cavern stability. The finite element model used for this study models a seven cavern storage
field with one center cavern and six hexagonally spaced surrounding caverns. Cavern spacing
is described in terms of the P/D ratio which is the pillar thickness (the width between two cav-
ems) divided by the cavern diameter. With the stratigraphy and cavern size held constant,
simulations were performed for P/D ratios of 6.0, 3.0, 2.0, 1.0, and 0.5. Ten year simulations
were performed modeling a constant 400 psi gas pressure applied to the cavern lining. The
calculations were performed using JAC3D, a three dimensional finite element analysis code
for nonlinear quasistatic solids. For the range of P/D ratios studied, cavern deformation and
storage volume were relatively insensitive to P/D ratio, while subsidence volume increased
with increasing P/D ratio. A stability criterion which describes stability in terms of a limiting
creep strain was used to investigate cavern stability. The stability criterion indicated that
through-pillar instability was possible for the cases of P/D = 0.5 and 1.0.

t This work, conducted at Sandia National Laboratories, was supported by the U. S. Deparment of Energy
under Contract No. DE-ACO4-7f5DPO0789,  and was also supported by Tejas Power Corporation.
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1 Introduction
Many gas distribution companies are utilizing underground caverns leached in domal salt for
storage of natural gas. One of the primary concerns in the design of gas storage cavern fields
is how close the caverns can be spaced without adversely affecting cavern performance or sta-
bility of the surrounding salt. Cavern spacing is usually described in terms of the P/D ratio
which is the pillar thickness (the width between two caverns) divided by the cavern diameter.
It is desirable to minimize the P/D ratio so that a maximum number of caverns can be placed
in a given space of land. Therefore, the effects of reducing the P/D ratio on cavern perfor-
mance (storage volume and subsidence) and cavern stability must be well understood.

This memo presents a spacing study performed using a three dimensional (3D) model of a gas
cavern field. The finite element model is based on a seven cavern array. The structural calcu-
lations were performed with JAC3D [I] for P/D (pillar/diameter) ratios of 6.0, 3.0, 2.0, 1.0,
and 0.5. As part of this investigation, a practical concept of demonstrating stability of rock salt
was essential. A stability criterion was used [2] which describes failure in terms of a limiting
strain. The theory is based on empirical observations of triaxial creep tests.

In the following section, the finite element model is described. Next, the analysis results are
presented in terms of cavern performance and integrity. Finally, the conclusions of the inves-
tigation are presented in the last section.

2 Problem Description
2.1 Cavern Geometry

The seven cavern array, shown in Figure 1, consists of a center cavern with six equally spaced
surrounding caverns. By assuming that the surrounding ring of six caverns are simultaneously
formed and identically loaded, symmetry planes can be invoked for a 30” wedge as shown in
Figure 1. The finite element models used for this study include a typical domal stratigraphy of
salt, caprock and overburden as illustrated in Figure 2. The overburden and caprock are
assumed to be 760 ft and 295 ft-thick, respectively. The cavern geometry chosen for the study
is a 1600 ft-high right circular cylinder with a 200 ft diameter. The cavern ceiling is 2500 ft
deep or 1445 ft below the caprock.

/
symmetry plane

symmetry plane

Figure 1. Typical cavern layout.
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Figure 2. Stratigraphy used in variable spacing calculations (not to scale).

2.2 Structural Model

The 3D finite element model used in the present calculations is shown in Figure 3. The model,
constructed of 8-node  bricks, is shown for P/D ratios of 6.0, 3.0, 2.0, 1.0, and 0.5. The P1
D=6.0 model consists of 23,165 nodes and 18,765 elements, while all others consist of 19,135
nodes and 14,985 elements. Since the number of elements in the pillar is the same for the later
four models, the mesh is finer for the smaller P/D ratios as higher stress gradients are
expected.

In addition to the above multiple cavern models, two single cavern calculations were per-
formed. The single cavern models are shown in Figure 4. The first is a single cavern of equal
size to one of the caverns in the multiple cavern model. The second is a single cavern of
equivalent storage volume to the seven cavern model obtained by increasing the cavern diam-
eter (d2single  = 7d2seven ). The first single cavern model represents the case of P/D = 00. The
second is approximately equivalent to P/D = 0.0. Both models consist of 7,900 nodes and
5,556 elements. Although they are axisymmetric problems, the calculations were performed
in 3D for consistency with the multiple cavern calculations.

10



center cavern (l/l 2 Lavern)

/

P/D = 6.0

surrounding caverns (l/2 cavern)

P/D = 2.0 P/D = 1.0 P/D  = 0.5

Figure 3. Finite element model of a 7 cavern array for P/D ratios of 6.0,3.0, 2.0, 1.0,
0.5.
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(4 (b)

Figure 4. Single cavern models of (a) a 200 ft-diameter cavern, and (b) a 529 ft-diam-
eter cavern of equal volume to the seven cavern array.

The two vertical planar sides of the model represent the symmetry planes illustrated in Figure
1. Displacements were constrained in the.  direction normal to these planes. The far field
boundary (curved boundary) is 3.73 miles (6000 m) from the center cavern, a sufficient dis-
tance such that the boundary should not affect the solution. Displacements of the nodes on this
boundary were constrained in both horizontal directions. This geometry, an approximation to
the actual salt dome stratigraphy, simulates a salt dome of infinite width, while actual salt
domes are 1 to 2 miles wide. The affects of a finite dome width will be investigated in future
studies. The interface between the salt and caprock was modeled as a frictionless sliding inter-
face. This assumption is appropriate since the actual interface contains many water-filled cav-
ities and relative sliding at this interface has been observed at cavern fields in use.

A uniform pressure distribution is applied to the inside of the caverns to simulate gas storage.
The magnitude of the pressure was held constant at 400 psi for the duration of the lo-year
simulation (assuming instantaneous cavern formation). This represents a worst case loading
since in actual gas storage caverns the storage pressure ranges from 400 to 2000 psi and will
be at the lower pressure for a small percentage of the facility service life.

In addition to the pressure loads, gravitational body forces are applied to the rock. Elevation-
dependent initial stresses were applied so that the model is at equilibrium at time zero. In the
elastic materials (overburden and caprock), the vertical stress component at a given location
was applied based on the weight of the material above that point. The horizontal component
was applied to be consistent with a vertically loaded elastic material in equilibrium. Under
these load conditions, the resulting ratio of horizontal to vertical stress components is defined
as follows:

12
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where v is the Poisson’s ratio of the material. For the salt, an initial stress state was assumed in
which the vertical and horizontal stress components are equal (lithostatic) to the weight of the
overlying material.

2.3 Thermal Model

The finite element model included a depth-dependent temperature gradient which starts at 80”
F at the surface and increased at the rate of 0.0 12” F/ft. The temperature distribution is impor-
tant because the creep response of the salt is temperature dependent. Radial temperature gradi-
ents due to cavern cooling were not considered in these calculations. Previous 2D cavern
studies have shown the predicted cavern deformation to be insensitive to radial thermal gradi-
ents developed by cooling effects of the oil [3]. One-way thermal coupling was assumed by
entering the thermal data into the structural calculations. This assumption was appropriate
since the deformations were not large enough to significantly affect the thermal analysis.

2.4 Constitutive Models and Material Properties

In this section, properties for the caprock, overburden and more particularly the salt are
reported in SI units since this is how they were entered into the analysis and how they are
commonly reported in geomechanics literature. The overburden and caprock were modeled as
elastic materials using the properties listed in Table 1. The properties were obtained from [4]
and were for homogeneous samples. The elastic properties for shale were used for the
caprock, and those of sandstone were used for the overburden.

The domal salt exhibits both elastic and creep behavior. The creep constitutive model used for
this material considered only secondary creep. The creep strain rate is determined from the
effective stress as follows:

ACT

&
Q= Ab’exp (-& (2)

where

Yis the creep strain rate,

6 is the effective or von Mises stress,

T is absolute temperature,

A and n are constants determined from fitting the model to creep data,

Q is the effective activation energy (Cal/mole),

R is the universal gas constant (1.987 caYmole-K).

The creep constants for salt are given in Table 1 and correspond to parameters for the Waste
Isolation Pilot Plant (WIPP) salt [5]. Previous studies have shown that WIPP salt and most
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Table 1: Structural Properties of Salt, Caprock, and Overburden

I I I I

domal salts of the Strategic Petroleum Reserve (SPR) exhibit similar creep behavior [6, 71.
The Young’s modulus for rock salt was reduced by a factor of 12.5 from its laboratory or ref-
erence value. This reduction has resulted in good agreement between predicted and measured
responses for WIPP excavations [8]. Other studies have observed that the secondary creep
model with the empirical modulus (ErJ12.5)  captured unloading behavior observed in labo-
ratory tests more accurately than the secondary creep model with the reference modulus (J?$$)
[9]. Consequently, this empirical adjustment appears to model stress redistribution around
openings in rock salt better than the reference modulus. However, 2D calculations of SPR
caverns have demonstrated that this modulus reduction has a small effect on cavern closure
and surface subsidence [3].

2.5 Stability Criterion

The criterion used in the present calculations assumes compressive fracture of rock salt by
means of a limiting inelastic strain [2]. The limiting strain is a measure of damage before the
rock ruptures. The compressive fracture criterion is based on empirical observations in triaxial
compression tests. In this model, the axial strain-to-rupture (e’) is based on the sum of the
instantaneous strain (pi) and the time-dependent creep strain (eC) and is defined as follows:

e’ = ei+PCIeU+a(o-ou) (3)

where e” is the ultimate strain, 0 is the deviatoric stress, and (TV is the ultimate stress. This
relationship is illustrated schematically in Figure 5. Laboratory tests indicated that the post-
failure behavior of rock salt may be approximated by a line of slope I/ a. The parameter a
increases (or the slope decreases) with increased confining pressure and temperature. Thus, at
higher pressures, the rock salt is capable of withstanding higher creep strains.

The two terms on the right side of Equation 3 are always positive. In a study investigating the
stability of &salt caverns [2], a eonse~&ve  estimate of the rupture strain was made by assum-
ing a = 0, yielding a lower bound approaimation  in which e’ = e”. Laboratory compression
data were fitted by a second order polynomial to yield the limiting strain which is defined as
follows:

14
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strain, e

Figure 5. Schematic of quasi-static stress-strain curve (taken from [2]).

re =e u = 0.155 forp > 6 MPa (870 psi) (4)

re z,U= c + (a - bp)p forp I6 MPa (870 psi) (5)

wherep is pressure, c = 0.023, a = 4.43 x lo-* Pa-‘, and b = 3.7 x lo-l5 PaW2. Using this defi-
nition of strain-to-rupture, a stability function was defined as follows:

where 2 is the effective strain. This formulation can be interpreted as a factor of safety in
which stability is indicated if F > 1.0.

It is important to note that the limiting strain and, therefore, the stability function F are lower
bound approximations. The assumption that a = 0 implies that atp = 6 MPa the salt can with-
stand no more than 15.5 percent strain. This is contradictory to the behavior illustrated in Fig-
ure 5 in which higher pressures yield higher strain limits. Since it is conservative, this theory
is best used to predict stability rather than failure. Furthermore, the criterion does not consider
the effect of fracture healing.
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3 Analysis Results
3.1 Cavern Deformation

The final deformed shapes (t = 10 years) of the five cavern spacings are shown in Figure 6.
There appears to be little difference between the deformed shapes for P/D = 6.0, 3.0 and 2.0.
However, for P/D = 1.0 and 0.5, the surrounding cavern rings appear to be moving in toward
the center cavern. This is most extreme for P/D = 0.5 in which the surrounding caverns are not
closing symmetrically about their centerlines. In particular, the lower part of the cavern
(where the creep strains are highest) is moving more than the top.

Figure 7 shows, for the case of P/D = 3.0, a vector plot of displacement from (a) a side profile,
and (b) a horizontal cross section of the model taken 500 ft from the cavern floor. These plots
show the flow path of the creeping salt. The cross section shows that salt flows radially from
all sides of both the center and surrounding caverns. This radial flow is fed by vertical flow
from above and below the caverns, and by horizontal flow between the surrounding caverns.
A “neutral” zone, where the salt is not moving, occurs between the caverns approximately
two-thirds the distance from the center cavern and about 500 ft up from the cavern floor. The
salt flow from the bottom of the caverns is fed laterally by the horizontal movement of salt.

Contour plots of the von Mises stresses at 0.5 year are shown in Figure 8 for P/D = -,6.0,3.0,
and 2.0 and Figure 9 for P/D = 1.0, 0.5, and 0.0. The maximum von Mises stress consistently
occurs at the outside edge of the surrounding caverns. For the case of P/D = 00, the stress dis-
tribution radiates from the cavern with no interaction with other caverns. For wide cavern
spacings (P/D = 6.0), stress interactions between caverns occur at the outer fringes of the
stress distribution. As the caverns are moved closer together, the interactions occur at even
higher stress levels, resulting in higher stresses in the pillar. As the caverns are moved closer
together, the stress contours begin looking like that of an individual cavern of equivalent vol-
ume (P/D = 0).

3.2 Storage Loss

Figure 10 shows the normalized storage volume at 10 years as a function of P/D for the center
cavern, surrounding caverns, total storage facility, and for a single cavern with an equivalent
volume of a seven cavern array. In each case the storage volume is normalized with respect to
the original cavern volume. The plot is shown in two scales. On a scale of 0 to 1, the normal-
ized storage loss appears to be relatively insensitive to cavern spacing. However, slight depen-
dencies are observed in the magnified scale which are not intuitive and require further
explanation.

As the P/D ratio is increased, the normalized storage volume of the surrounding caverns
decreases, while that of the center cavern increases to a maximum near P/D = 3.0, and then
decreases. For the total seven cavern storage facility, as the P/D ratio is increased, the storage
volume decreases. As the P/D ratio is increased above 3.0, all three curves converge as the
model approaches the case of P/D = = (a single cavern). The calculation for the single cavern
case yielded a normalized storage volume of 0.643 at 10 years.
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P/D = 6.0
\/

P/D = 3.0

Deformation of the surrounding
rooms is nearly symmetric

P/D = 2.0 P/D = 1 .O I P/D = 0.5

Lower part of cavern is shifting towa>d
center cavern. Deformation of sur-
rounding rooms is not symmetric.

Figure 6. Final deformed cavern shapes (t = 10 years) for P/D ratios of 6.0,3.0,2.0,  1 .O,
and 0.5.
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neutral zone

AhhWPt-

AhAWt-

(a) cavern profiles

neutral zone

(a) horizontal cross section

Figure 7. Displacement vector plots at 10 years for P/D = 3.0.

18



P/D = 00 P/D = 6.0

P/D = 3.0 P/D = 2.0

von Mises stress (psi)

0.0
..........>.. 350.0................................

Figure 8. Effective (von Mises) stress distribution at 0.5 years for P/D = -,6.0,3.0,  and
2.0.
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P/D= 1.0 P/D = 0.5

vonmises stress (psi)

0.0
m 3 5 0 . 0:.:.:.:.:.:.:.:.:

2100.0

P/D = 0.0

Figure 9. Effective (von Mises) stress distribution at 0.5 years for P/D = 1.0,0.5,  and 0.0.
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Figure 10. Normalized storage volume at 10 years versus P/D for center cavern, sur-
rounding caverns, total facility, and a single cavern of equal volume for (a) a
scale of 0 to 1, and (b) magnified scale. Storage volume is normalized to the
original cavern volume.

21



Flow much smaller
on pillar side

Figure 11. Vector plot of displacement (t= 10 years) near the surrounding caverns for
P/D = 0.5. Horizontal cross section taken 500 ft above cavern floor.

The behavior illustrated in Figure 10 seems counter-intuitive because closer cavern spacing
results in smaller pillars which are subject to higher stresses (as seen in Figures 8 and 9) and
consequently higher creep rates. Thus, one would expect storage volume to decrease with
decreasing P/D ratio. However, there is considerably less salt volume in the pillar available to
displace storage volume. Salt behaves according to a deviatoric creep model, thus the creep
deformations are a constant volume process. In the case where P/D is large (P/D>6), salt
creeps horizontally from all sides of a cavern. In order to get this horizontal movement, the
pillar between the caverns must shorten (this behavior is shown in the vector plot in Figure 7).
The volume of the pillar is on the order of P2, where P is the pillar width between caverns.
Thus, the column for P/D=O.5  must shorten approximately 16 times that of P/D=2.0 in order
to yield the same displaced volume. However, the pillar shortens 15 ft for P/D = 2.0 and 37 ft
for P/D = 0.5, only 2.4 times greater. As a result, closure will not be equal on all sides of the
surrounding caverns. A vector plot of displacement for P/D = 0.5 is shown in Figure 11 for a
horizontal cross section 500 ft from the cavern floor. The figure shows salt flow in the vicinity
of the surrounding cavern. In contrast to the same plot in Figure 7 for P/D=3.0, there is much
more radial salt flow from the right side than from the pillar. This nonsymmetrical closure is
also observed in Figure 6 for the case of P/D = 0.5. For smaller P/D ratios the pillar moves
toward the center cavern, resulting in more closure of the center cavern and less closure of the
surrounding caverns. Note that the closure becomes more symmetrical as the P/D ratio is
increased. Hence, closer cavern spacing yields less storage loss (in a given time period)
because there is less salt mass available in the pillars to displace the storage volume.
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Figure 12. Normalized storage volume as a function of time for P/D ratios of 6.0, 3.0,2.0,
1.0, and 0.5.

The normalized storage volume is plotted in Figure 12 as a function of time for all of the P/D
ratios investigated. In each case the total facility storage volume is normalized with respect to
the original volume. The plot shows that the storage volume history is characteristically the
same for all of the P/D ratios studied. In addition, the plot shows that, as the P/D ratio is
increased, the total facility storage loss increases. Again, this is probably due to the fact that
for the larger P/D ratios there is more salt available (in the pillars) for creep.

3.3 Subsidence

The large displacements of the salt above and the horizontal movement of salt near the cavern
array (as shown in Figure 7) results in surface subsidence. Figure 13 shows a magnified
(1000x)  deformed shape plot of the overburden and caprock layers. This plot is for a P/D =
3.0, but it is typical of all the geometries. The actual subsidence profiles at 10 years into the
simulation are plotted in Figure 14 for the five P/D ratios and a single cavern with an equiva-
lent volume of a seven cavern array. Within the range of P/D ratios examined in this study,
subsidence troughs do not develop over the individual caverns (except for the case of P/D =
-). One large trough is formed which extends approximately 10,000 ft from the center cavern,
and the maximum subsidence occurs over the center cavern. Note that the extent of subsid-
ence is beyond the “zone of influence,” a cone formed by a 45” angle from the deepest point of
the cavern which has been hypothesized as the region of influence of a cavern array (stress
changes, subsidence, etc.). The extent of subsidence does not change significantly for the var-
ious P/D ratios.
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Figure 13. Magnified (1000 X) subsidence plot of caprock and overburden layers at 10
years.
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Figure 14. Subsidence profiles at 10 years for P/D = 6.0,3.0,2.0,  1.0, and 0.5 and for a sin-
gle cavern of equivalent volume (P/D = 0.0).
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The subsidence over the center cavern at 10 years is plotted in Figure 15 as a function of P/D.
The subsidence over the center cavern is a maximum for P/D = 3.0. As explained in the previ-
ous section, when the P/D is reduced, the storage loss decreases; thus, the subsidence magni-
tude decreases. As the P/D is increased above 3.0, the subsidence profile broadens, resulting
in a smaller maximum subsidence. A single cavern calculation (P/D = =) yields a maximum
subsidence of 0.17 ft.

The subsidence volume at 10 years is plotted in Figure 16 normalized to the original storage
volume of the seven cavern array. Although the maximum subsidence decreases for P/D > 3,
the broader subsidence profile observed in Figure 14 yields more subsidence volume.

3.4 Cavern Stability

The salt stability criterion is plotted in Figure 17 for P/D = 6.0 and 3.0 and in Figure 18 for P/
D = 2.0, 1.0, and 0.5 at 10 years. The contours represent a factor of safety relative to the
strain-to-rupture. According to the criterion, the lightest contour (F I 1.0) is the region where
instability may occur. The remaining contours (F > l.O), stability is assured. In all five cases
the criterion indicates that salt fracture may occur along the lining at the lower half of the cav-
em.

Note that in the cases of P/D = 1.0 and 0.5, stability through the pillar cannot be guaranteed
based on this criterion. Since this criterion is strain dependent, the other geometries may even-
tually exhibit through-pillar instability. Figure 19 is a plot of the stability function versus time
for the five P/D ratios for a point located midway between the center and surrounding caverns,
500 ft from the cavern floor. For P/D = 0.5 and 1.0 the stability function is below or very near
1 .O at 10 years. Larger P/D ratios show a substantial increase in the stability function. For P/D
= 3.0, the stability function has a value of 5.5 at 10 years and is leveling off such that through-
pillar instability will not occur for a long time into the future.

As Equations (4) and (5) indicate, this criterion suggests that the creep-to-rupture increases
with pressure up to a limit of 870 psi. Above 870 psi, the creep-to-rupture remains constant.
Thus, based on this criterion, raising the operating pressure of the cavern will increase the
strain-to-rupture and reduce the amount of creep experienced by the caverns. Since the operat-
ing pressures selected for this analysis are conservatively low, the results presented in this sec-
tion represent a worst case.
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P/D = 6.0 P/D = 3.0

Figure 17. Creep rupture stability criterion (Equation (6)) for P/D = 6.0 and 3.0 at 10 years.
Horizontal cross section taken approximately 500 ft from cavern floor.
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Figure 18. Creep rupture stability criterion (Equation (6)) for P/D = 2.0, 1 .O, and 0.5 at 10
years. Horizontal cross section taken approximately 500 ft from cavern floor.
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4 Conclusions
A series of calculations were performed for gas-filled caverns in domal salt with P/D (pillar/
diameter) ratios of 00, 6.0, 3.0, 2.0, 1.0, and 0.5. Based on the calculations presented in this
memo, the following conclusions were made:

l With respect to cavern deformation, there is little difference between P/D ratios of 6.0,
3.0 and 2.0. Lower P/D ratios yielded nonsymmetric closure of the caverns.

l Storage volume is relatively insensitive to P/D ratio. However, a slight dependency on
P/D ratio was exhibited in which the storage loss increased as P/D ratio increased. This
behavior, though counter-intuitive, was due to there being more salt available between
caverns with larger P/D ratios to displace storage volume.

l Subsidence profiles do not exhibit multiple troughs for the range of P/D ratios exam-
ined in this memo, but rather a single trough with a maximum subsidence over the cen-
ter cavern. Subsidence volume increases with increasing P/D ratio over the range
examined in this memo. The subsidence magnitude over the center cavern also
increases with increasing P/D, up to P/D =3.0. For P/D > 3.0, the maximum subsid-
ence decreases and the subsidence trough broadens.

l The stability criterion indicated that through-pillar instability was possible for the
cases of P/D = 0.5 and 1.0. Furthermore, the stability criterion indicated that failure
was possible along the lining of the caverns for all the P/D ratios examined. However,
this is not a prediction of failure since the criterion is conservative in that it can only
predict stability. Furthermore, the load conditions represent a worst case operating his-
tory.

l In order to design cavern fields which optimize the use of available salt, a more rigor-
ous criterion would be needed which could more accurately predict failure of rock salt.
Using such a criterion, the allowable P/D could potentially be lower than indicated in
these results.
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